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Abstract. Sufficiently light primordial black holes (PBH) could evaporate in the very
early universe and dilute the preexisting baryon asymmetry and/or the frozen density of
stable relics. The effect is especially strong in the case that PBHs decayed if and when
they dominated the cosmological energy density. The size of the reduction is first calculated
analytically under the simplifying assumption of the delta-function mass spectrum of PBH
and in instant decay approximation. In the realistic case of exponential decay and for an
extended mass spectrum of PBH the calculations are made numerically. Resulting reduction
of the frozen number density of the supersymmetric relics opens for them a wider window to
become viable dark matter candidate.
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1 Introduction
Primordial black holes might be abundant in the early universe and even dominate for a
while the cosmological energy density. In the latter case they would have an essential impact
on the baryon asymmetry of the universe, on the fraction of dark matter particles, and would
lead to the rise of the density perturbations at relatively small scales.
Usually primordial black holes (PBH) are supposed to be created by the Zel’dovich-
Novikov (ZN) mechanism [1] (see also [2]). According to ZN, a PBH could be created, if the
density fluctuation, δρ/ρ, at the horizon size happened to be larger than unity. In this case
this higher density region would be inside its own gravitational radius and became a black
hole. With the accepted Harrison-Zeldovich spectrum of primordial fluctuations [3, 4] the
process of PBH creation can result in a significant density of PBHs.
The mass inside horizon at the radiation dominated (RD) stage of he universe evolution
is equal to
Mhor = m
2
Plt, (1.1)
where the Planck mass is mPl ≈ 2.176×10−5 g and t is the cosmological time (universe age).
Thus the initial moment of the creation of PBH with mass M can be taken as
tin(M) = M/m
2
Pl. (1.2)
It is mostly assumed that the mass spectrum of PBH created by ZN mechanism is very
narrow. It is usually taken in a power law form or even as delta-function. There are, however,
quite a few other scenarios of PBH formation. We can mention, in particular, the mechanism
suggested in ref. [5, 6], which leads to log-normal mass distribution and may, in principle,
create PBH with masses up to thousands and even millions solar masses due to production of
the BH seeds during cosmological inflationary stage. Other mechanisms of PBH production
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initiated at inflation are considered in refs. [7, 8]. Some more work on PBH formation with
extended mass spectrum include refs. [9–12]. The creation of PBH due to a phase transition
in the primeval plasma is studied in [13]. A recent review on massive PBH formation can be
found in [14].
The log-normal mass spectrum became quite popular during last few years, being em-
ployed for the description of massive PBH observed in the present day universe. The analysis
of chirp mass distribution of the LIGO events [15] very well agrees with the log-normal mass
spectrum.
Here we consider much smaller PBH masses such that the black holes evaporated early
enough, well before the Big Bang Nucleosynthesis (BBN). Because of calculational problems
we take the PBH mass spectrum either as a flat one bounded between some Mmin and Mmax
or a power law one, also bounded between Mmin and Mmax, but continuously vanishihg at
the boundaries. The latter spectrum can be quite close numerically to the log-normal one.
Though such short-lived PBH decayed long before our time, their impact on the present
day universe may be well noticeable. Firstly, PBH decays could pour a significant amount
of entropy into the primeval plasma and diminish the magnitude of earlier created baryon
asymmetry or diminish the relative (with respect to the relic photon background) density of
dark matter particles [16, 17]. On the other hand, baryon asymmetry could be generated in
PBH evaporation [18, 19], and dark matter could also be created in this process. We neglect
however, the second kind of the processes and consider only dilution of baryons and dark
matter particles by the PBH evaporation. Indeed it can be shown that the stable supersym-
metric relics produced in the process of PBH evaporation make negligible contribution to the
density of dark matter, see Appendix A.
An interesting well known effect, not touched in this work, is the rise of density per-
turbations during early matter dominated stage. If there existed an epoch of the early PBH
domination, the rising density perturbations could create small scale clumps of matter in the
present day universe such as globular clusters or even dwarf galaxies,
In the scenario, which is considered below, the universe is supposed to be initially in
radiation dominated (RD) stage, i.e. the cosmological matter at this stage mostly consisted
of relativistic species. The cosmological energy density during this epoch was equal to
ρ
(1)
rel =
3m2Pl
32pit2
. (1.3)
and the scale factor at this epoch evolved as
arel(t) = a
(in)
(
t
tin
)1/2
. (1.4)
If sufficiently large density of PBH was created during this period and if PBH were
massive enough to survive up to the moment when they became dominating in the universe,
the cosmological expansion law turned into the non-relativistic one and the energy density
started to tend asymptotically to:
ρnr =
m2Pl
6pi(t+ t1)2
. (1.5)
Ultimately all PBH evaporated producing relativistic matter and the expansion regime re-
turned to the relativistic one:
ρ
(2)
rel =
3m2Pl
32pi(t+ t2)2
. (1.6)
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In thermal equilibrium the energy density of relativistic particles is equal to
ρrel =
pi2g∗(T )T 4
30
, (1.7)
where T is the plasma temperature and g∗(T ) is the number of relativistic species in the
plasma at temperature T .
It is known, see e.g. [20, 21], that in thermal equilibrium state of the cosmological plasma
with zero chemical potentials the entropy in the comoving volume is conserved:
s =
ρ+ P
T
a3 = const, (1.8)
where ρ is the energy density of the plasma and P is its pressure.
In usual baryogenesis scenarios non-conservation of baryonic number took place at very
high temperatures, while at low temperatures baryon non-conservation was switched off. So
at late cosmological epochs baryonic number density, NB, was also conserved in the comoving
volume. Correspondingly the baryon asymmetry, i.e the ratio
β = NB/s = const (1.9)
remained constant in the course of the universe expansion if there was no entropy influx into
the plasma.
There are several realistic mechanisms of entropy production in the early universe. For
example, entropy rose in the course of the electroweak phase transition, even if it was second
order (or mild crossover). The entropy rise could be at the level of 10% [17]. If in the course
of the cosmological evolution a first order phase transition took place, e.g. the QCD one, the
entropy rise can be gigantic. Some entropy rise could be created by the residual annihilation
of out-of-equilibrium of non-relativistic dark matter particle after they practically decoupled
from the plasma (froze).
In this work we consider a hypothetical case of the universe which at some stage was
dominated by PBHs and calculate the dilution of the preexisting baryon asymmetry and
a relative decrease of the number density of DM particles. We show that in a reasonable
scenario of PBH creation weakly interacting massive particles (WIMPs), denote them X,
with the annihilation cross section σannv ≈ α2/m2X , α ∼ 10−2 may have masses somewhat
larger than TeV, avoiding the LHC bound, and be realistic candidates for dark matter.
The parameter space of supersymmertry is known to be significantly restricted by
LHC [22], but some types of the lightest supersymmetric particles (LSP) still remain vi-
able candidates for dark matter [23, 24]. An excessive entropy release, discussed in this
paper, can lead to a wider class of possible dark matter LSPs.
The paper is organized as follows. In the next section we present a simple estimate
of the entropy release for the case of delta-function mass spectrum of PBHs, instant decay
approximation for PBH, and instant change from the initial RD stage to MD stage and back.
In Sec. 3 the exact solutions for the cosmological evolution and the entropy release for the
mixture of relativistic matter and decaying PBHs with the delta-function mass spectrum are
found. Sec. 4 is devoted to the study of the evolution for two examples of the extended mass
spectrum. In sec. 5 we analyze the results and conclude. Appendix A is devoted to calcu-
lations of the number density of X-particles directly produced by PBH decays, the subject
which is somewhat away from the main line of this paper. In Appendix B the expressions of
the analytically calculated integrals entering the evolution equations are presented.
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2 Instant change of expansion regimes and instant evaporation
We consider here the simplest model of PBHs with fixed mass M0 with the number density
at the moment of creation:
dNBH
dM
= µ31 δ(M −M0), (2.1)
where µ1 is a constant parameter with dimension of mass.
All these PBHs were created at the same moment tin(M0) = M0/m
2
Pl, see eq. (1.2).
Assume that the fraction of the PBH energy (mass) density at production was:
ρ
(in)
BH
ρ
(in)
rel
=  1 (2.2)
If we disregard the PBH decay and if the interaction between PBH and relativistic
matter can be neglected, then both ingredients of the cosmic plasma evolve independently
and so:
ρrel(t) =
(
a(in)
a(t)
)4
ρ
(in)
rel , ρBH(t) =
(
a(in)
a(t)
)3
ρ
(in)
BH (2.3)
Let us consider the case when densities of relativistic and non-relativistic (PBH) matters
became equal at t = teq, before the PBH decay. According to eqs. (2.2) and (2.3) it takes
place when:
ρBH(teq)
ρrel(teq)
= 
a(teq)
ain
= 1. (2.4)
We assume in this section that at t < teq the universe expansion is described by purely
relativistic law, when the scale factor evolves according to eq. (1.4). Correspondingly we find
teq = tin/
2. (2.5)
PBHs would survive in the primeval plasma till equilibrium if teq − tin < τBH , where the
life-time of PBH with respect to evaporation is given by the expression [25]:
τ(M) ≈ 3× 103N−1effM3BHm−4Pl ≡ C
M3BH
m4Pl
, (2.6)
where C ≈ 30, if the effective number of particle species with masses smaller than the black
hole temperature, is Neff ≈ 100. (In reality g∗ is closer to 200, but this difference is not of
much importance.) The black hole temperature is equal to:
TBH =
m2Pl
8piMBH
. (2.7)
Thus the condition that the RD/MD equality is reached prior to BH decay reads:
MBH >
[
m2Pl
C
(
1
2
− 1
)]1/2
≈ mPl√
C 
. (2.8)
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According to the assumption of the instant change of the expansion regime, the scale
factor after the equilibrium moment is reached, i.e. for t > teq, started to evolve as
anr(t) = arel(teq)
(
t+ teq/3
4teq/3
)2/3
(2.9)
and the cosmological energy density drops according to the non-relativistic expansion law:
ρBH =
m2Pl
6pi (t+ teq/3)2
. (2.10)
Such forms of eqs. (2.9) and (2.10) are dictated by the continuity of the Hubble parameter
and of the energy density (i.e. by equality of ρrel and ρBH) at t = teq. Such a regime
lasted till t = τBH , when instant explosion of PBHs created new relativistic plasma with the
temperature:
T 4heat =
5m2Pl
pi3g∗(Theat)(τBH + teq/3)2
. (2.11)
Instant thermalization is here assumed.
The temperature of the relativistic plasma coexisting with the dominant PBH dropped
down as the scale factor:
Trel = Teq
aeq
anr(τ)
= Teq
(
4teq
3τBH + teq
)2/3
. (2.12)
Correspondingly the temperature of the newly created by the PBH decay relativistic
plasma could be much higher than Trel given by eq. (2.12). The entropy suppression factor,
which is equal to the cube of the ratio of the temperatures of the new relativistic plasma
created by the PBH instant evaporation to temperature of the ”old” one, plus unity from
the entropy of the old relativistic plasma is equal to::
S = 1 +
(
Theat
Trel
)3
= 1 +
(
a(τBH)
aeq
)3/4
= 1 +
√
3τBH
4teq
(
1 +
teq
3τBH
)1/2
(2.13)
Our approach is valid for τBH ≥ teq and in the limiting case of τBH = teq the entropy
suppression factor is S = 2 coming from the relativistic matter and from PBH in equal
shares. Since the minimal value of
τBH
teq
=
CM2BH
2
m2Pl
(2.14)
is equal to unity, the minimal mass of PBH for which we can trust the approximate calcula-
tions presented above is
MBH > M
min
1 ≡
mPl

√
C
≈ 4 · 106 g
(
10−12

)
, (2.15)
where C = 30, according to eq. (2.6).
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Figure 1. Entropy suppression factor due to PBH decay in the instant decay approximation as a
function of BH mass, starting from Mmin1 , up to M = 10
8M for  = 10−12.
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Figure 2. Entropy suppression factor due to PBH decay in the instant decay approximation for
larger masses up to maximal mass M = 109M as a function of BH mass for  = 10−12.
For large τ  teq, when S is large, it is approximately equal to
S ≈
√
3τBH
4teq
=
√
3C M
2mPl
= 2.14 · 10−7 (/10−12) (M/g) . (2.16)
The PBH mass is bounded from above by the condition that the heating temperature
after evaporation should be higher than the BBN temperature, ∼ 1 MeV. From eq. (2.11) it
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follows that
Theat ≈ 0.06mPl
(
mPl
MBH
)3/2
. (2.17)
Hence the PBH masses should be below 109g.
The entropy suppression factors for  = 10−12 as functions of MBH are presented in
Figs. 1 and 2 for small and large masses respectively.
3 Exact solution for delta-function mass spectrum
Here we relax the instant decay approximation and solve numerically equations describing
evolution of the cosmological energy densities of non-relativistic PBHs and relativistic matter.
It is convenient to work in terms of dimensionless time variable η = t/τBH , when the equations
can be written as::
dρBH
dη
= −(3Hτ + 1)ρBH , (3.1)
dρrel
dη
= −4Hτρrel + ρBH . (3.2)
We present the energy densities of PBH and relativistic matter respectively in the form:
ρBH = ρ
(in)
BH exp (−η + ηin)yBH(η)/z(η)3, (3.3)
ρrel = ρ
(in)
rel yrel(η)/z(η)
4, (3.4)
where y
(in)
rel = y
(in)
BH = 1 and
ηin =
m2Pl
CM2BH
 1. (3.5)
The constant C is determined in Eq. (2.6).
The redshift factor z(η) = a(η)/ain satisfies the equation:
dz
dη
= HτBH z, (3.6)
where the Hubble parameter H is determined by the usual expression for the spatially flat
universe:
3H2m2Pl
8pi
= ρrel + ρBH . (3.7)
Using equations (3.4) and (3.3) with ρ
(in)
rel given by Eq. (1.3) at t = tin and bearing in mind
that ρ
(in)
BH = ρ
(in)
rel we find
HτBH =
C
2
M2BH
m2Pl
(yrel
z4
+

z3eη−ηin
)1/2
. (3.8)
Evidently Eq. (3.1) with ρBH given by (3.3) is solved as
yBH(η) = y
(in)
BH = 1, (3.9)
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while ρrel(η) satisfies the equation:
dyrel
dη
= z(η)e−η+ηin . (3.10)
Equations (3.6) and (3.10) can be solved numerically with the initial conditions at η = ηin
ybh = yrel = z = 1. (3.11)
However, a huge value of the coefficient Hτ makes the numerical procedure quite slow.
To avoid that we introduce the new function W according to:
z =
√
W/ (3.12)
and arrive to the equations:
dW
dη
= C2
(
M
mPl
)2 (
yrel +
√
W e−η+ηin
)1/2
, (3.13)
dyrel
dη
=
√
We−η+ηin , (3.14)
where W (ηin) = 
2. Entropy release from PBH evaporation can be calculated as follows. In
the absence of PBHs the quantities conserved in the comoving volume evolved as 1/z3. With
extra radiation coming from the PBH evaporation the entropy evolves as y
3/4
rel /z
3, see eq.
(3.4). Hence the suppression of the relative number density of frozen dark matter particles
or earlier generated baryon asymmetry is equal to:
S = [yrel(η)]
3/4 (3.15)
when time tends to infinity. The temporal evolution of S is depicted in figs. 3, 4, 5, for
different values of MBH = 10
7, 108, 109 grams and  = 10−12.
5 10 15 20
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1.5
2.0
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S
Figure 3. The temporal evolution of S for MBH = 10
7 g and  = 10−12
.
For large η (in fact η & 15) S tends, as expected, to a constant value. The comparison
of these figures with figs. 1 and 2 demonstrates perfect agreement between approximate
calculations and the exact ones.
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Figure 4. The temporal evolution of S for MBH = 10
8 g and  = 10−12
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Figure 5. The temporal evolution of S for MBH = 10
9 g and  = 10−12
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Figure 6. The entropy suppression factor as a function of mass for  = 10−12
In fig. 6 the asymptotic value for the entropy suppression factor is presented as a function
of PBH mass. for η = 10−12 in perfect agreement with approximate calculations depicted in
figs. 1 and 2.
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The ratio of the entropy suppression factor of the exact fixed mass calculations to the
instant decay and change of the expansion regime as a function of mass for  = 10−12 is
presented in fig 7.
Figure 7. The ratio of the entropy suppression factor of the exact fixed mass calculations (red) to
the instant decay and change of the expansion regime approximation. The blue line describes the
hypothetical ratio equal to unity
4 Extended mass spectrum
Let us now consider, instead of delta-function, an extended mass distribution:
dNBH
dM
= f(M, t), (4.1)
where N is the number density of PBH. Since PBHs are non-relativistic, their differential
energy density is
dρBH
dM
≡ σ(M, t) = Mf(M, t), (4.2)
PBH created by the old conventional mechanism [1, 2] are supposed to have sharp, even
delta function mass spectrum. However, in several later works the mechanisms leading to
extended mass spectrum have been worked out [5–8].
We assume that the number and energy densities of PBHs are effectively confined be-
tween Mmin and Mmax. The value of Mmax should be effectively below the upper limit
M = 109 g, which is imposed by the condition that PBH evaporation would not distort
successful results of BBN-theory. However, a small fraction of PBHs may have masses higher
than 109 g and their impact on BBN can be interesting, though not yet explored in full.
The minimal value of PBH mass Mmin should be higher than M
min
1 given by eq. (2.15)
to ensure validity of the assumption τBH ≥ teq necessary for the entropy suppression fraction
be larger than 1 else the impact of masses below Mmin would be inessential.
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Let us parameterize the value of PBH mass using dimensionless parameter x such that
MBH = xM0, where M0 is the average value of the mass density distribution or the value
where σ(M, t) reaches maximum, and x is a dimensionless number being non-zero in the
limits:
xmin ≡Mmin/M0 ≤ x ≤ xmax ≡Mmax/M0. (4.3)
We define now the dimensionless ”time” η as η = t/τ(M0) where τ(M0) ≡ τ0 is the life
time of PBH with mass M0. All the PBHs have different masses and hence their life-times
(2.6) and the moments of formation (1.2) are different.
The evolution of the differential energy density of PBHs, is governed by the equation:
σ˙(M, t) = − [3H + Γ(M)]σ(M, t), (4.4)
where Γ(M) = 1/τ(M) = m4Pl/(CM
3), see eq. (2.6).
In terms of dimensionless time η, the above expression takes the form:
dσ
dη
≡ σ′ = −
[
3Hτ0 +
(
M0
M
)3]
σ (4.5)
The initial value of η is the moment of BH formation. It depends upon M and, according to
eq. (3.5), is equal to
ηform(M) =
m2PlM
CM0
3 (4.6)
Evidently σ(M) = 0 when η(M) < ηform.
The equation describing evolution of the energy density of relativistic matter now takes
the form:
dρrel
dη
≡ ρ′rel = −4Hτ0ρrel +
∫
dM(M0/M)
3σ(M). (4.7)
In analogy with the previous section we introduce the red-shift function normalized to
the value of the scale factor when the least massive PBH was formed:
z(η) = a(η)/a [ηform(Mmin)] (4.8)
The evolution of z(η) is determined by the equation, analogous to Eq. (3.6):
dz
dη
= Hτ0z (4.9)
with the Hubble parameter now given by
3H2m2Pl
8pi
= ρrel + ρBH = ρrel +
∫
dMσ(M), (4.10)
Eq. (4.5) has the following solution
σ(M,η) = θ (η − ηf (M))σ(M,ηf ) exp
[
−(η − ηf (M))
(
M0
M
)3](z(ηf (M))
z(η)
)3
, (4.11)
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where for brevity we have introduced the new notation ηf ≡ ηform, the theta-function ensures
vanishing of the solution for η < ηf , and the initial value of the PBH density at the moment
of formation σ(ηf (M)) (4.6) is determined by the fraction (M) of the energy density of PBH
with mass M with respect to the energy density of the relativistic matter at the moment of
PBH formation:
σ(M,ηf (M)) = (M)ρrel(ηf (M))/M, (4.12)
where (M) depends upon the scenario of PBH formation and will be taken below according
to some reasonable assumptions. In any case we assume that (M) vanishes if M < Mmin
and M > Mmax.
We assume that in the time interval ηf (Mmin) < η < ηf (Mmax) the total fraction of
PBH mass density is negligibly small in comparison with the energy density of relativistic
matter, and so the expansion regime is the non-disturbed relativistic one, see eqs. (1.3, 1.4).
Accordingly using eq. (1.2), we find that the energy density of relativistic matter at the
moment of the creation of the ”first” lightest black holes is
ρrel(tin) =
3
32pi
m6Pl
M2min
. (4.13)
If the energy density of PBH remains small in comparison with that of relativistic matter till
formation of the heaviest PBHs, then the last term in the r.h.s. of eq, (4.7) can be neglected
and thus in the time interval η(Mmin) < η < η(Mmax) the energy density ρrel evolves as
ρrel =
3
32pi
m6Pl
M2min
1
z(η)4
. (4.14)
Hence the differential PBH energy density evolves as
σ(M,η) =
3m6Pl
32piMM2min
(M)
z(ηf (M))
θ(η − ηf (M))
z3(η) exp [(M0/M)3(η − ηf (M))] . (4.15)
In this equation η runs in the limits η(Mmin) < η < η(Mmax) or ηf (M) < η < η(Mmax),
depending upon which lower limit is larger.
Since (M0/M)
3ηf (M) = m
2
Pl/(CM
2) 1, for any η, we may expand the exponent as
exp
[−(M0/M)3(η − ηf (M))] = exp [−(M0/M)3η] (1 +m2Pl/(CM2)) (4.16)
Due to the necessity to integrate over M the relevant evolutionary equations are integro-
differential and the numerical calculations generally become quite cumbersome. However, we
can consider some simplified forms of the initial mass distribution of the PBH for which the
integrals over M can be taken analytically and after that the differential equations can be
quickly and simply solved. Using such toy models we can understand essential features of the
entropy production by PBH with extended mass spectrum. Unfortunately we could not find
a workable toy model for a realistic log-normal mass spectrum, see ref. [12]. Nevertheless
the spectra which allows for analytic integration can be quite close numerically to realistic
log-normal one.
We consider a couple of illustrative examples in what follows, assuming that the function
F (x) = (M)/z(ηf (M)) (4.17)
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is confined between xmin = (Mmin/M0) and xmax = (Mmax/M0). For simplicity we assume
that F (x) is a polynomial function of integer powers of x, though the latter is is not necessary.
We take two examples for F :
F1(x) = 0/(xmax − xmin) (4.18)
for xmin < x < xmax and F1 = 0 for x outside of this interval. Evidently x = 1 should be
inside this interval.
Another interesting form of F is
F2(x) =
0
N
a2 b2(1/a− 1/x)2 (1/x− 1/b)2. (4.19)
Here N is the normalization factor, chosen such that the maximum value of F2/ = 1
This function vanishes at x = xmin ≡ a and x = xmax ≡ b, with vanishing derivatives
at these points, and F2 being identically zero outside of this interval. F2 reaches maximum
at x0 = 2ab/(a+ b):
F
(max)
2 =
0
16
Na2b2
(
1
a
− 1
b
)4
= 1. (4.20)
F2 can be quite close numerically to the log-normal distribution with a proper choice
of parameters. As a working example we take a = 1, b = 30 and compare F2 with the
log-normal function:
FLN =  exp[−1.5(log2(15x))] (4.21)
With the chosen parameters F2(x) and FLN (x) are presented in Fig. 8
Figure 8. The model mass spectrum function F2 (red) and the log-normal spectrum (blue) as
functions of x = M/M0.
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There are two following integrals, which enter the evolution equation (4.10) and (4.7):
I0 =
∫
dMσ(M,η) (4.22)
and
I3 =
∫
dM
(
M0
M
)3
σ(M,η). (4.23)
We can calculate them explicitly making some simplifying assumptions about the form of F
(4.17), which are discussed in the following subsections.
4.1 Calculations for the flat spectrum
Here we find the entropy suppression factor for the ”flat” F (x):
F1(x) =
(M)
z(ηf (M))
=
0
b− a = const (4.24)
for a ≡ xmin < x < b ≡ xmax and F1(x) = 0 outside this region.
Using eq. (4.15) we find:
I
(1)
0 =
∫ Mmax
Mmin
dMσ(M,η) =
3m6Pl0
32piz3(η)M2min(b− a)
∫
dM
M
θ[η − ηf (M)]
exp [(M0/M)3(η − ηf (M))] =
=
K(η)
b− a
∫ b
a
dx
x
θ[η − ηf (M)]
exp [x3(η − ηf (M))] ≡
K(η)
b− a j(10)(a, b, η, ηf ), (4.25)
where x = M0/M and
K(η) =
3m6Pl0
32piz3(η)M2min
. (4.26)
I
(1)
3 =
∫ Mmax
Mmin
dM
(
M0
M
)3
σ(M,η) =
K(η)
b− a
∫ xmax
xmin
dx
x4
θ[η − ηf (M)]
exp [x3(η − ηf (M))]
≡ K(η)
b− a j13(xmin, xmax, η, ηf ). (4.27)
We take integrals j(10) and j(13) analytically, using Mathematica, and substitute them
into equations (4.6) and (4.7), and (4.8), which solve numerically. Since ηf (M)  η in
almost all integration interval we neglect ηf , see also eq. (4.16). The results are presented in
appendix B.
We will search for the solution as it is done in sec. 4 taking ρrel in the form:
ρrel = yrel ρ
(in)
rel /z
4, (4.28)
where ρ
(in)
rel = 3m
6
Pl/(32piM
2
min) and so yrel and z satisfy the equations:
y′rel = 0 z(η)j(13). (4.29)
z′(η) =
CM30
2m2PlMmin
(yrel
z4
+
0
z3
j(10)
)1/2
. (4.30)
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In analogy with eq. (3.12) we introduce new function We according to
z =
√
We/0. (4.31)
and obtain:
dWe
dη
=
C20M
3
0
m2PlMmin
(
yrel +
√
We j(10)
)1/2 ≡ C20M20
m2Pla
(
yrel +
√
W e j(10)
)1/2
(4.32)
dyrel
dη
=
√
We j(13) (4.33)
with the initial conditions W
(in)
e = 2 and y
(in)
rel = 1.
These equations can be integrated numerically. The asymptotic value of y
3/4
rel at large
η, which is the entropy suppression factor according to eq. (3.15) is presented in figs. 9 - 14
all for  = 10−12 and xmin = 1/3 and xmax = 5/3. The result is proportional to MBH and
reasonably well agrees with the approximate results calculated in instant decay and instant
change of regime approximations (2.16).
Figure 9. The temporal evolution of entropy suppression y
3/4
rel for flat mass spectrum (4.24), MBH =
107 g and  = 10−12 as a function of dimensionless time η for M0 = 107 g, a = 1/3, and b = 4/3 (blue).
Red line is the entropy suppression factor approximately calculated in the instant approximation
(2.16).
4.2 Calculations with almost log-normal mass spectrum
Here we assume that
F2(x) = (M)/z(ηf (M)) =
0 a
2 b2(1/a− 1/x)2 (1/x− 1/b)2
16a2b2 (1/a− 1/b)4 (4.34)
Correspondingly equations (4.25) and (4.27) are modified by insertion of the factor F2(x)
into the integrands. The expressions for j(20) and j(23) are presented in Appendix B.
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Figure 10. The same as in fig. 9 but with M0 = 10
8 g
Figure 11. The same as in fig. 9 but with M0 = 10
9 g
Evolution equations coincides with those in the previous subsection after the change
j(10) → j(20) and j(13) → j(23). The entropy suppression factor for the continuous mass spec-
trum and different values of the parameters, indicated in the figure captions, are presented
in figs. 15 - 21.
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Figure 12. The same as in fig. 9 but with a = 0.95, and b = 1.05
Figure 13. The same as in fig. 9 but with a = 0.95, b = 1.05, and M0 = 10
8 g
5 Conclusion
As it is shown in this work, the suppression of thermal relic density or of the cosmological
baryon asymmetry may be significant if they were generated prior to PBH evaporation. In
the simplified approximation of the delta-function mass spectrum of PBH, instant decay of
PBH, and instant change of the expansion regimes from the initial dominance of relativistic
matter to nonrelativistic BH dominance and back, the entropy suppression factor, S, can
be calculated analytically, eq. (2.16). Exact calculations but still with delta-function mass
spectrum are in very good agreement with the approximate one.
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Figure 14. The same as in fig. 9 but with a = 0.95, b = 1.05, and M0 = 10
9 g
Figure 15. The same as in fig. 9 but with the continuous mass spectrum.
The result is proportional to the product MBH , and e.g. for MBH = 10
9 g and
 = 10−12 the suppression factor is S ≈ 400. The black hole mass equal to 109 g is the
maximum allowed value of the early evaporated PBH mass permitted by BBN , see conclusion
below eq. (2.17). This statement is true if PBH dominated in the early universe before the
onset of BBN. This could take place if the minimal PBH mass is given by eq. (2.15).
The calculations with more realistic extended mass spectra of PBHs show similar fea-
tures of the suppression factor S, which is also proportional to  and to the central value of
the mass distribution. There is some dependence on the form of the spectrum and on the
values of Mmax and Mmin, but they do not change our results essentially.
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Figure 16. The same as in fig. 9 but with the continuous mass spectrum. and M0 = 10
8 g.
Figure 17. The same as in fig. 9 but with the continuous mass spectrum and M0 = 10
9 g.
The significant restriction of the parameter space of the minimal supersymmetric model
by LHC created some doubts about dark matter made of LSP. Moreover, the usual WIMPs
with masses below teraeletron-volts seem to be excluded. The mechanism considered here
allows to save relatively light WIMPs and open more options for SUSY dark matter.
Similar dilution of cosmological baryon asymmetry by an excessive entropy release may
look not so essential, because theoretical estimates of the asymmetry is rather uncertain
since they strongly depends upon the unknown parameters of the theory at high energies.
However, there are a couple of exceptions for which the dilution may be of interest.
– 19 –
Figure 18. The same as in fig. 9 but with the continuous mass spectrum and M0 = 10
7 g, a = 0.95,
b = 1.05, and M0 = 10
7 g
Figure 19. The same as in fig. 10 but with the continuous mass spectrum and M0 = 10
8 g, a = 0.95,
b = 1.05.
Firstly, there is the Affleck-Dine [26] scenario of baryogeneis, which naturally leads to the
magnitude of the asymmetry, β ∼ 10−9 much higher than the observed one. The suppression
by 1-2 orders of magnitude might be helpful, though not always sufficient.
Another example is baryo-thru-lepto genesis [27], for a review see [28]. According to this
model cosmological baryon asymmetry arise from initially generated lepton asymmetry, which
is generated by the decays of heavy Majoranna neutrinos. In some models the parameters
of CP-violating decays of this heavy neutrino can be related to the CP-odd phases in light
neutrino oscillations. Hence one can predict the magnitude and sign of the lepton asymmetry.
– 20 –
Figure 20. The same as in fig. 10 but with the continuous mass spectrum and a = 0.95, b = 1.05,
and M0 = 10
9 g
Figure 21. The same as in fig. 10 but with the continuous mass spectrum and a = 0.95, b = 1.05,
and M0 = 10
8 g and  = 10−13
With the unknown dilution of the asymmetry the magnitude cannot be predicted but the
sign probably can.
– 21 –
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7 Appendix A
We estimate here the density of stable supersymmertric relics produced in PBH evaporation
and show that their contribution to the cosmological dark matter is insignificant, due to
very low density of the PBHs. To this end we will present here a few simple estimates and
numerical values.
The moment of PBH production with mass M is (1.2):
tin =
M
m2Pl
= 2.5 · 10−31M8 sec, (7.1)
where M8 = M/(10
8g).
By assumption at the moment of production PBHs make a small fraction  1 of the
energy density of relativistic matter. So the energy and number densities of PBH at t = tin
are respectively:
ρ
(in)
BH =
3
32pi
m6Pl
M2
, n
(in)
BH =
3
32pi
m6Pl
M3
. (7.2)
The energy density of the relativistic matter at t = tin is:
ρ
(in)
rel =
3
32pi
m6Pl
M2
=
pi2g
(in)
∗
30
T 4in, (7.3)
where g
(in)
∗ ≈ 100 is the number of relativistic species at T = Tin. Correspondingly the
temperature of the relativistic cosmological plasma at the moment of PBH production is
equal to
Tin ≈ 1.72 · 1012 GeV/
√
M8. (7.4)
The ratio on PBH number density to that of relativistic particles at the moment of
creation can be estimated as:
rin =
n
(in)
BH
n
(in)
rel
=
ρ
(in)
BH
ρ
(in)
rel
Tin
0.3M
= 0.9 · 10−3112M−3/28 , (7.5)
where 12 = 10
12  and nrel ≈ 0.3ρrel/T .
This ratio remains approximately constant till the PBH decay because both densities
are almost conserved in the comoving volume up to the entropy release created by massive
particle annihilation. As we see in what follows, the temperature of the relativistic matter
at the moment of PBH decay is about 20-30 MeV and so at that moment g∗ ∼ 10. Hence
the ratio r drops down by factor 10.
The average distance between PBHs at the moment of their creation is
d
(BH)
in =
(
n
(in)
BH
)−1/3
= 2.4 · 10−16M8−1/312 cm. (7.6)
At the moment of equilibrium, when densities of BH and relativistic matter became equal,
the average distance of BH separation was
d(BH)eq = d
(BH)
in / = 2.4 · 10−4M8 −4/3 cm. (7.7)
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The temperature of the relativistic matter at the equilibrium moment was
Teq = TinS
1/3
eq = 3.712M
−1/2
8 GeV, (7.8)
where Seq is the ratio of the number of particle species at T = Tin to that at Teq ≈ 10:
Seq = g∗(105GeV)/g∗(3GeV) = 10.
Since before the equilibrium the universe expanded in relativistic regime, when the scale
factor rose as a(t) ∼ t1/2, the equilibrium is reached at the moment of time:
teq = tin/
2 = 2.5 · 10−7M8−212 sec (7.9)
After that and till the moment of BH decay at
t = τ = 30M3BH/m
4
Pl = 1.6 · 10−4M38 sec (7.10)
the universe expanded in matter dominated regime, a(t) ∼ t2/3. So during this MD stage
the scale factor rose as:
z(τ) ≡
(
τ
teq
)2/3
= 74 (12 ·M8)4/3. (7.11)
Correspondingly the energy density of PBHs just before the moment of their decay would be
larger than the energy density of the relativistic background by this redshift factor, z(τ):
ρBH(τ)
ρrel(τ)
= 74 (12 ·M8)4/3. (7.12)
The temperature of the relativistic background just before the BH decay was
Tcool ≡ Trel(τ) = Teq/z(τ) = 50 −1/312 M−11/68 MeV. (7.13)
The temperature of the particles produced in the BH decay is equal to:
TBH =
m2Pl
8piM
= 105M−18 GeV (7.14)
So the lightest supersymmetric particles (LSP) of the minimal SUSY model with the mass
mX ∼ 103 GeV should be abundantly produced in the process of the PBH evaporation with
TBH  mX , contributing about 0.01-0.1 to the total number of the produced particles.
The average distance between PBH just before their decay was:
dBH(τ) = d(BH)eq · z(τ) ≈ 1.75 · 10−2M7/38 cm. (7.15)
The total number of energetic particles produced by the decay of a single BH is:
Nhot ≈ MBH
3TBH
=
8pi
3
(
M
mPl
)2
= 1.8 · 1026M28 . (7.16)
We assume the following model: as a result of BH instant evaporation each black hole
turns into a cloud of energetic particles with temperature TBH = 10
5M−18 GeV, with radius
τBH , see e.g. eq, (7.10):
τBH = 4.8 · 106M38 cm. (7.17)
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This radius is much larger than the average distance between the BHs (7.15) and the number
of PBHs in this common cloud is
Ncloud = (τBH/dBH(τ))
3 = 2 · 1025M78 (7.18)
and their number density just before the decay was
nBH(τ) = d(τ)
−3 = 1.9 · 105M−78 cm−3. (7.19)
The density of hot particles with temperature TBH , created by the evaporation of this set of
black holes is:
nhot = nBH(τ) ·Nhot = 3.4 · 1031M−58 cm−3. (7.20)
The density of cool background particles with temperature Tcool (7.13) is
ncool = 0.1g∗T 3cool = 1.6 · 1037−112 M−11/28 cm−3, (7.21)
where we took g∗ = 10 at T < 100 MeV. Note that ncool  nhot.
The particles produced by PBH evaporation consist predominantly of some light or
quickly decaying species and a little of stable lightest supersymmetric particles (or any other
stable particles, would-be dark matter), denote them as X. If the temperature drops below
mX the X-particle density would decrease due to annihilation with the rate proportional to
their density.
The ejected energetic particles propagate in the background of much colder plasma
and cool down simultaneously heating the background. The cooling proceeds, in particular,
through the Coulomb-like scattering, so the momentum of hot particles decreases according
to the equation (the term related to the universe expansion is neglected there because the
characteristic time scale of cooling is much shorter than the Hubble time at T ∼ 100 MeV):
E˙hot = −σvncoolδE, (7.22)
where δE is the momentum transfer from hot particles to the cold ones. The scattering
cross-section can be approximated as σ = α2g∗/|p1 − p2|2. For massless particles
q2 ≡ (p1 − p2)2 = −2(E1E2 − ~p1 · ~p2). (7.23)
Here E1 and E2 are the initial and final energies of cold particles, E1 ∼ Tcool and δE ≡ (E2−
E1) ∼ E2. For noticeable energy transfer large angle scattering is necessary, so q2 ∼ E1E2.
Finally
E˙ = 0.1g∗T 3coolα
2/E1 ≈ 10−4T 2cool = 6 · 1018MeV/sec. (7.24)
Correspondingly the energy loss of hot particles of the order of their temperature (7.14)
would be achieved during very short time:
tcoot ≈ 10−10 sec. (7.25)
As a result of mixing and thermalization of two components, hot and cool, the temperature
of the resulting plasma would become:
Tfin = Tcool (ρhot/ρcool)
1/4 ≈ 147M−3/28 MeV. (7.26)
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The evolution of the number density of X-particles is governed by the equation:
n˙X = −σ(ann)X vn2X , (7.27)
where the inverse annihilation term is neglected because hot particles from the PBH evapora-
tion cool down very quickly with characteristic time (7.25) and hence the plasma temperature
became much smaller than MX .
The Hubble expanskon term, 3Hn, is neglected here by the same reason as above, since
the Hubble time is much longer than the time of annihilation, as we check below.
The total annihilation cross-section can be taken as
σannv = α
2
3g∗/m
2
X , (7.28)
where g∗ ∼ 100, because the annihilation channels are open into all particles with masses
below mX = 10
3 GeV, and α3 = 0.1 is the color coupling constant, which according to
ref. [29] is 0.1 at energy transfer of the order of Mx ∼ 103 GeV,
Eq. (7.27) can be easily integrated giving:
nX(t) =
n
(in)
X
1 + σannn
(in)
X (t− tin)
≈ 1
σannt
(7.29)
where index ”in” means ”initial”.
The maximum value of time in eq. (7.29) can be taken, at least, as the Hubble time
1
tmax
= 2H = 2
(
8pi3g∗(150 MeV)
90
)1/4 T 2fin
mPl
=
4.6T 2fin
mPl
. (7.30)
After t = tmax the cooling of the plasma due to the cosmological expansion becomes impor-
tant and we cannot take temperature constant and equal to Tfin ≈ 150 MeV, according to
eq. (7.26). Here we took g∗ = 10 at T = 150 MeV.
So the (almost) frozen ratio of X-particle density to the density of other (relativistic)
species would be:
nX
nrel
=
1
σanntmax · 0.1g∗T 3fin
=
4.6m2X
mPl Tfin
= 2.5 · 10−12
(mX
TeV
)2
. (7.31)
In the course of the cosmological expansion and cooling down nX drops as the scale factor,
while the density of relativistic species drops roughly 4-5 slower due to e+e− and µ+µ−
annihilations. It leads to further decrease of this ratio.
The ratio of the energy densities at the present time is equal to
ρX
ργ
=
4
11
· 2.5 · 10−12M3/28
g∗(10)
g∗(100)
(mX
TeV
)3 TeV
3Tγ
≈ 103, (7.32)
where the factor 4/11 comes from the entropy release by e+e−-annihilation, and we took the
ratio of g∗ at T = 10 MeV to that at T = 150 MeV equal to unity, though it is somewhat
smaller and Tγ = 2.3 · 10−4 eV.
Since the energy density of CMB makes 5 · 10−5 of the total matter density, it means
that the fractional energy density of X-particles created by PBH evaporation can be about
Ω = 0.05(mX/TeV)
3, which is safely smaller than the observed fractional density of dark
matter ΩDM ≈ 0.2, especially if mX < TeV .
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8 Appendix B
We present here analytic expressions for the integrals of I0 (4.22) and I3 (4.23) for two forms
of PBH mass spectrum: flat one and (the first index of j is 1) and that numerically close to
the log-normal one (the first index of j is 2), see eq. (4.19) and above. The second indices 1
or 3 correspond I0 and I3 respectively. For brevity we use notations t instead of η.
j10[t_, a_, b_] := 1
3
-Gamma0, t
a3
 + Gamma0, t
b3

Figure 22. The analytic result for the integral j10 defined in eq. (4.25)
j13[t_, a_, b_] := -ⅇ- ta3 + ⅇ- tb3
3 t
Figure 23. The analytic result for the integral j13 defined in eq. (4.27)
j20[t_, a_, b_] :=- 1
9 (a - b)4 8 a2 b2
27 ⅇ- ta3 - 8 a Gamma- 23 
t1/3 + 24 3 a πt1/3 Gamma- 1
3
 + 8 b Gamma-
2
3
, t
a3

t1/3 - 2 b (4 a + b) Gamma-
1
3
, t
a3

t2/3 +
6 Gamma0, t
a3
 + 2 a2 b2 Gamma 13 , ta3 
t4/3 - 36 a Gamma
4
3
, t
a3

t1/3 + 9 a
2 Gamma 5
3
, t
a3

t2/3 +
1
9 (a - b)4 8 a2
b2 27 ⅇ- tb3 - 8 b Gamma- 23 
t1/3 + 24 3 b πt1/3 Gamma- 1
3
 + 8 a Gamma-
2
3
, t
b3

t1/3 -
2 a (a + 4 b) Gamma- 1
3
, t
b3

t2/3 + 6 Gamma0, tb3  + 2 a
2 b2 Gamma 1
3
, t
b3

t4/3 -
36 b Gamma 4
3
, t
b3

t1/3 + 9 b
2 Gamma 5
3
, t
b3

t2/3 
Figure 24. The analytic result for the integral j20 as explained in subsection 4.2
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j23[t_, a_, b_] :=- 1
27 (a - b)4 t7/3 16 a2 b2
-6 a t Gamma 1
3
, t
a3
 + 6 a2 t2/3 Gamma 2
3
, t
a3
 +
b -18 a2 ⅇ- ta3 t1/3 - 18 a b ⅇ- ta3 t1/3 - 18 ⅇ- ta3 t4/3
a
- 18 b ⅇ- ta3 t4/3
a2
- 8 3 a2 b π
Gamma- 1
3
 -
9 a2 b Gamma 7
3
 - 18 t Gamma 4
3
, t
a3
 + 9 (4 a + b) t2/3 Gamma 5
3
, t
a3
 +
9 a2 b Gamma 7
3
, t
a3
 +
1
27 (a - b)4 t7/3 16 a2 b2
-6 b t Gamma 1
3
, t
b3
 + 6 b2 t2/3 Gamma 2
3
, t
b3
 +
a -18 a b ⅇ- tb3 t1/3 - 18 b2 ⅇ- tb3 t1/3 - 18 a ⅇ- tb3 t4/3
b2
- 18 ⅇ- tb3 t4/3
b
- 8 3 a b2 π
Gamma- 1
3
 -
9 a b2 Gamma 7
3
 - 18 t Gamma 4
3
, t
b3
 + 9 (a + 4 b) t2/3 Gamma 5
3
, t
b3
 +
9 a b2 Gamma 7
3
, t
b3

Figure 25. The analytic result for the integral j23 as explained in subsection 4.2
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